A B S T R A C T The effect of ethanol feeding on ovarian function and structure in fenmale rats was studied in alcohol-fed animals, isocalorically fed controls, and two ad libitum-fed control groups. Ovarian weight was reduced by 60% in alcohol-fed animals compared with the control groups. Gross disruption of ovarian architecture was noted, characterized by the absence of any corpus hemorrhagicum and corpus albicans. Moreover, plasma levels of estradiol were significantly reduced in the alcohol-fed animals (P < 0.01) compared with the levels found in isocaloric controls. Plasma levels of estrone and corticosterone were increased in alcoholfed and isocaloric control animals relative to those of ad libitum-fed animals suggesting a primarily adrenal, rather than ovarian, origin for these two steroids. Despite the increase in estrone, the secondary sex organs (uterus and fallopian tubes) reflected marked estrogen deprivation presumably as a result of estradiol insufficiency.
INTRODUCTION
The deleterious effects of alcohol on male sexual function are well documented (1, 2) . The relation between chronic alcohol abuse and male impotence, sterility, and feminized bodily habitus is widely recognized (3) (4) (5) . The mechanisms of alcohol-induced male sexual dysfunction have been explored, and have been shown to be related both to primary testicular failure and to suppression of hypothalamic-pituitary responsiveness (2, 6, 7) .
The development of an animal model of alcohol-induced sexual dysfunction in the male has facilitated research on the pathogenesis of the syndrome (8) . The model has permitted study of the effects of alcohol on the hypothalamic-pituitary-gonadal axis under conditioIns in which the amount of alcohol ingested is known, the effects of superimposed dietary restrictions are controlled, and the contaminating variable of severe associated liver disease is eliminated. The results of studies in the male rat model extend the original studies of Badr and Bartke (9) in mice and have established that alcohol is a testicular toxin, and induces failure of both testicular spermatogenesis and testosteronogenesis (8) .
An increasing literature suggests that chronic alcohol abuse may induce failure of femnale sexual function (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) 6 and 7 ml of blood was obtained from each animal. The liver, ovaries, uterus, and fallopian tubes were removed, trimmed of all extraneous tissue, weighed, and representative sections were placed in Bouin's solution for histological study. Histological sections were prepared and studied with hematoxylin and eosin.
The liver was examined and graded on an arbitrary scale of one to four for degree of fat and for signs of hepatocellular necrosis and inflammation. The ovaries were examined for presence of corpus lutea and corpus hemorrhagica as well as for numbers and development of Graafian follicles. The uterus and fallopian tubes were examined for thickness of the endometrium, type of and secretory activity of the epithelial lining cells, and thickness of the muscle wall of each organ. The cervix and vagina were examined for thickness of epithelial cell lining and signs of estrogen stimulation.
Plasma steroids atd gonadotropins. Plasma levels ofestradiol and estrone were determiined in duplicate using modifications ofestablished radioimmunoassay methods (24, 25) so that 100-,ul samples could be assayed. All samples were measured in a single assay, thus eliminating any interassav variation. The detection limit for the estradiol assay was 0.1 pg and for the estrone assay 0.2 pg. Intra-assay variation for the estradiol assay was <5% and for the estrone assay <8%.
Plasma levels ofprogesterone were determined in duplicate using a modification of an established radioimmunoassay (26) so that small plasma samples (100 Al) could be measured accurately. All samples were measured in a single assay. The detection limit for the progesterone assay was 10.0 pg. Intraassay variation was <10%. Plasma levels of corticosterone were measured in duplicate using a radioimmunoassay in the laboratory of Julane Hotchkiss, Ph.D., Department of Physiology, University of Pittsburgh School of Medicine, Pittsburgh, Pa. (27) . By this method plasma samples as small as 25 ,u were easily assayable. The detection limit for the assay was 20 pg. Intra-assay variation was <3%. All of the steroid hormone assays used were validated by running control samples from castrated-adrenalectomized animals with and without added unlabeled steroid as controls.
Radioimmunoassay of plasma gonadotropin levels was performed with reagents supplied by the National Institute of Arthritis and Metabolic Disease (NIANIDD), Rat Pituitary Hormone Distribution Program. NIAMDD-Rat follicle-stimulating hormone RP-1 and NIAMDD-Rat luteinizing hormone RP-1 were used as the reference preparations in the respective assays. Hormones were iodinated with Secretion 1251 using the chloramine-T method (28) . Before their use in the assay, the iodinated hormones were purified with polyacrylamiiide gel electrophoresis, using 9% acrylamide with 2% cross-linking (29) . Gels were sliced transversely after hardening at -70°C for 1 h and the hormones eluted in assay buffer (30). The volume of plasma required for accurate assay by this technique is 100 A.l/sample. Other details of the assay were as previously described (31) . Sensitivity of the assay was 4 ng/ml for both follicle-stimulating hormone and luteinizing hormone with an intra-assay variation of 8%. Potency estimates were calculated using the computer program of Rodbard and Lewald (32) . 
RESULTS
Growth. Intact and oophorectomized control aniimals nmaintained on an ad libitum standard rat diet gained weight steadily' throuighouit the study period ahd were treated for comparative purposes as a single group (Fig. 1) . The alcohol-fed animals and their pair-fed isocaloric controls also gained weight but at a reduced rate. As can be seen in Fig. 1 , the alcohol-fed aiim1als and their pair-fed isocaloric controls had idenitical growth rates through 42 days of age at which point the pair-f'ed isocaloric controls began to grow more rapidly than the alcohol-fed animals. The patterni of the growth curves for alcohol-fed and pair-fed isocaloric controls, however, were qualitatively similar. At the time of saccrifice, the alcohol-fed animals weighed significanitly less (138.0±+5.3 g) (mean±SENI) than the is'calori& controls (161.6+3.8; P <0.01). Both the alcohol-fed animals and their pair-fed isocaloric conitrols weighed less than the ad libitum-fed cointrol animals (184.2+2.1;
Gross atnd microscopic atnatomly. As expected, the livers of the alcohol-fed aniimals weighed more (10.6 ±0.5 g) than those of the pair-fed isocaloric controls (6.4±0.3 g) and those of the ad libitum controls (8.3 ±0.2 g; both P < 0.01) (livers obtainied from intact anid oophorectomized ad libitum aniimals did not differ). When organ weights were corrected for body weights, differences between alcohol-fed anid control grouips increased (Table I ). The histologic appearanice of' the liver of the alcohol-fed group was one of marked fattv metaimiorphosis, whereas that of'the adl libitumn aiud pairfed isocaloric controls was nlormllal.
The ovaries of the alcohol-fed animilals weighed twofifths as much (30.6±2.2 mig) as those obtained f'romii the pair-fed isocaloric conitrols (75.5±3.9 mig) aindl onethird as much as those of the intact adl libitum conitrols (91.4±0.2 mg; 1oth P < 0.01) ( mass was corrected for body mass, alcohol-fed animals still had <50% of the ovarian mass present in pair-fed or ad libitum-fed intact controls (Table I) . Similarly, the uterus and fallopian tubes of the alcohol-fed animals weighed one-fourth as much (39.0±4.1 mg) as those ofthe pair-fed isocaloric controls (180.5±18.7 mg) and less than one-seventh as much as those of the intact ad libitum controls (306±15.5 mg; both P < 0.01) (Fig.  3) . When uterine and fallopian tube weight differences were corrected for body weight, the differences between alcohol-fed and the control groups increased, whereas those between the two control groups actually decreased (Table I ).
The ovaries obtained from the pair-fed and intact ad libitum controls contained numerous developing and mature follicles, corpus lutea, and corpus hemorrhagica, whereas the stroma represented only a small fraction of the overall ovariain tissue (Fig. 4) .
In Plasma estradiol concentrations in the alcohol-fed animals (27.5±+1.2 pg/ml) (mean±SEM; n =25 for each group) were less than those of the pair-fed controls (33.3±1.5 pg/ml) as well as the ad libitum-intact controls (48.0±1.4 pg/ml; both P < 0.01) but were not sta- tistically different from those of the oophorectomized ad libitum controls (29.8±1.6 pg/ml). In contrast to this reduction in plasma estradiol levels, plasma estrone concentrations in the alcohol-fed animiials (156.0±26.7 pg/ml) were greater than those of the pair-fed isocaloric controls (114.9±13.9 pg/ml), ad libitum-intact controls (80.5±6.3 pg/ml) and oophorectomized controls (48.0±5.2 pg/ml; all P < 0.01).
Plasma progesterone levels in the alcohol-fed animals (23.3±4.3 ng/ml) were significantly less than those of the isocaloric (54.3±7.3 ng/ml) and ad libitum-fed controls (41.7±6.7 ng/ml; both P < 0.01) and, further, were not statistically different from those of the oophorectomized control animals (18.0±0.6 ng/ml).
Plasma corticosterone levels in the alcohol-fed animals (74.0±9.0 ,g/dl) and their pair-fed isocaloric controls (78.0±9.0 ,ug/dl) were increased relative to the two ad libitum control groups (48.0±6.0 ,ug/dl; both P < 0.05). Plasmna follicle-stimulating hormone levels in alcohol-fed animals (159.0±12.8 ing/mil), isocaloric controls (181.0±16.2 ng/ml), and intact ad libitum-fed animiiials (167.3±23.3 ng/ml) were not statistically different. All were significantly less (P < 0.01) than those of the oophorectomized ad libitum-fed controls (690.0
+75.2 ig/nml).
Plasma luteinizing hormone levels in the alcohol-fed aniimals (68.7±5.7 ng/ml) and isocaloric coIntrols (79.4 +6.8 ng/ml) were increased (P < 0.01) relative to those of the ad libitum-fed controls (43.5 + 7.0 ng/ml). All groups had plasma luteinizing hormone levels significantly less than those of the oophorectomized ad libitum-fed animals (107.0± 18.3 ng/ml; all P < 0.01). Biochemical liver function. Both serum glutamic oxalo-acetic-acid-transaminase and serum glutamic pyruvic transaminase levels were two to two and a half times higher in the alcohol-fed animals compared with those of any control group (all P < 0.01; Table II) . Alkaline phosphatase activity was 50% greater in the alcohol-fed animals than in any of the control groups (all P < 0.01). Gamma glutamyl transpeptidase activity was not detected in any of the control groups but was reproducibly measurable in the alcohol-fed animals.
Blood alcohol. Blood alcohol levels in the alcoholfed animals were 110+9.0 mg/dl. Alcohol was undetectable in the serum of any of the control animals. Sections stained using hematoxylin and eosin. Note the paucity of follicles and ahsence of corpus hemorrhagica and corpuis lutea in the atrophic ovary obtained from the alcohol-fed animal but their presence in the ovary obtained from the isocaloric control animal.
organs, the liver and pancreas, but also for the heart, brain, kidney, and other tissues (34) (35) (36) (37) (38) (39) . The hypothalamic-pituitary-gonadal axis of the male has been shown to be such a target of alcohol toxicity (6, 7) although the effects of coexistent liver disease, avitaminosis, and malnutrition may also have contributed to the observed hypothalamic-pituitary dysftLnction observed. Similarly, testicular atrophy, gynecomastia, changes in body hair distribution, and vascular changes are well known accompaniments of chronic alcoholism (3) (4) (5) . Increased plasma levels and production rates for androstenedione have been reported in alcoholic men with cirrhosis (39) (40) (41) . Therefore, the hyperestrogenization and hypoandrogenization of male alcoholics are, in part, derivative effects of alcohol-induced liver disease. Thus, the presence of decreased hepatocellular function and portal-systemic shunting of blood permits increased availability of androstenedione at sites peripheral to the liver for conversion to estrone (39) (40) (41) (42) (43) (44) . Similarly, accelerated hepatic metabolism of testosterone and increased hepatic conversion of testosterone to estradiol are thought to occur in men with alcoholic liver disease although overall testosterone clearance is retarded in men with cirrhosis (41).
It is e(ually true, however, that a part of the synidrome of feminization of male alcoholics is attributable to direct effects of alcohol oIn endocrine tissue. Certain of the signs of hyperestrogenization and hypoandrogenization can be seen in alcoholic men with minimal structural or functional evidence of liver dysfunction (6) . Overt decreases in plasma testosterone concentrations are demonstrable in normal volunteers if alcohol ingestion is maintained for periods of several days (2, 7). Interruption of spermatogenesis, diminished testosterone synthesis and androgenicity, and testicular atrophy can be produced in alcohol-fed male rats with minimal evidence of liver disease (8) .
The prominence of the signs and symptoms of femi-nizatioin has served to foctus investigative attention on the cautses of sexual endocrinopathy in male alcoholics. Although systematic endocrinologic studies have yet to be performed, evidence is now beginniing to accumulate that alcohol may adversely affect sexual funlctioni in femiiales as well (10) (11) (12) (13) (14) (15) . Clinical studies suggest that abortion and prenmature delivery may be induced bv liver disease of any etiology, possibly through effects mediated by excess accumulation of bile acids (45) . It has been suggested that the metabolicendocrinologic functioning of the fetal-placental unit max' be deranged (46) and that fetal growth and development may be diminished by excessive ingestion of alcohol during pregnancy (47) (48) (49) (50) (51) (52) (53) . The absence of recognizable corpora hemorrhagica and(or) corpora lutea in the ovaries of premenopausal age female alcoholics has been reported (10) . Accordingly, to see whether elements of what appears to be a syndrome of alcohol-induced sexual dysfunction in females could be reproduced in an animal model, and to dissect out effects due to alcohol per se, rather than to alcohol-induced liver disease, hypothalamic-pituitary-gonadal function was studied in female rats fed alcohol.
The results demonstrate that alcohol is a gonadal toxin in female rats, and produces marked disruption of ovarian structure and function. Ingestion of 5% ethanol diet for 7 wk resulted in a marked reduction in ovarian weight. Instead of the numerous developing follicles of various sizes and corpus lutea present in the isocaloric control-fed animals, the ovaries of the alcohol-fed animals lacked corpus lutea, had only small atretic follicles, and consisted primarily of dense ovarian stroma (Fig. 4) . A corresponding decrease in plasma estradiol concentrations was observed, and levels in alcohol-fed female rats were indistinguishable from those of the oophorectomized control group. As would be anticipated with structural and functional ovarian failure, estrogen target organs were of decreased size and showed histologic evidence of estrogen deficiency.
It is improbable that these effects were secondary to alcohol-induced liver disease. Although the livers of alcohol-fed aninmals were enlarged, histologic examinilation showed only fatty metamorphosis, aind biochemical tests of hepatic function were only minimallv deranged (Table II) . Similarly, ovarian failure could not be ascribed exclusively or even predominianitly to caloric deprivation. WVhereas the isocaloric control grouip showed significant decreases in ovarian weight, estrogeni target organ weight, and plasmiia estradiol concenitrations when compared w%ith rats fed ad libitumn, the group ingesting alcohol had significantly lower measures for each of these parameters, and the marked disruption of ovarian architecture present in the alcohol group was not observed in the isocaloric control group. It appears reasonable to conclude, therefore, that the deficits of ovarian structure and function observed in the alcohol-fed rats were in considerable measure the result of toxic effects of ethanol or its metabolic derivatives per se. It is of interest that despite the significant reduction in estradiol levels in the alcohol-fed animals, plasma estrone levels were increased. Human male alcoholics with markedly reduced testosterone levels have increased plasma levels of estrone (43, 54, 55) , and some authors report increased plasma levels of estradiol as well (56, 57) . This estrone is derived primarily by peripheral conversion of androstenedione which arises from the adrenal gland (40) (41) (42) (43) (44) . Although specific studies have not been performed to confirm this point in our model, we propose that the increased levels of estrone in our alcohol-fed and pair-fed isocaloric control female rats are derived similarly from androstenedione of adrenal origin. Such an assumption is consistent with the fact that in both the alcohol-fed and pair-fed isocaloric control animals, estrone and corticosterone are increased presumably due to an increased adrenal secretion occurring as a consequence of the stress of prolonged alcohol feeding and relative starvation associated with pair feeding. Other possibilities exist, however. Perhaps such increases are of ovarian origin. It may also be that alcohol interferes with estrone clearance in rats, or increases conversion of estradiol to estrone. An ovarian origin seems unlikely because of the marked ovarian atrophy present. The present studies provide no data concerning the proposition whether or not ethanol reduces the clearance of estrone in rats. Finally, an increased conversion of estradiol to estrone seems most unlikely as a result of the known redox changes induced in alcohol-fed animals.
Regardless of its site of origin, the observed increase of plasma estrone in the alcohol-fed animals is not enough to maintain the normal appearance of the ovary and the other estrogen-responsive tissues in these animals (Figs. 2-4 and Table I ). Because the increases in estrone are quite significant, the possibility also exists that alcohol ingestion has somehow produced a defect in uptake of estrogen to target tissue or some effect at a distant point in hormone action. The mechanism of alcohol-induced ovarian failure remains in question. The ovary contains alcohol dehydrogenase (58) , and ovarian metabolism of alcohol with the local accumulation of toxic metabolites comparable to phenomena believed to occur in the testes is thus possible. Several hypotheses for specific mechanisms of direct alcohol-induced ovarian toxicity might be proposed. Ovarian conversioin of ethanol to acetaldehyde, with resultant mitochondrial dysfunction, might occur. Several steps in estrogenogenesis, including the conversion of pregnenolone to progesterone by 3 beta-hydroxy steroid dehydrogenase and delta 5-4 isomerase, are NAD dependent (59) . The depletion of ovarian stores of NAD by conversion to NADH as the result of ovarian ethanol metabolism nmight diminish estradiol synthesis. The absence of alcohol dehydrogenase activity in the adrenal gland might explain the resistance of this organ to alcohol-induced injury and the excessive accumulation of plasma estrone derived from adrenal steroidogenesis as described above.
Alternatively, or more likely, in addition, ovarian failure in alcohol-fed female rats may be the result not only of direct effects of alcohol on the ovary, but also of depression of hypothalamic-pituitary function. Chronic alcoholic men have normal to moderately elevated plasma gonadotropin concentrations, often in the face of markedly decreased plasma testosterone concentrations (1, 6, 42, 56, 57, 60) . This has been interpreted to suggest the presence of diminished hypothalamic-pituitary function in such men, and this suggestion has been confirmed by studies establishing that chronic alcoholic men have reduced plasma gonadotropin responses to clomiphene and luteinizing hormone releasing factor (6, 7) . Moreover, normal volunteers fed moderate quantities of alcohol for periods of <1 wk have reduced luteinizing hormone responses to luteinizing hormone releasing factor (7) . It can, therefore, by hypothesized that alcohol produces gonadal failure in males by decreasing hypothalamicpituitary stimulation of the gonad through the direct toxic effects of alcohol and(or), secondarily, through peripheral effects of alcohol ingestion.
In the present study, plasma follicle stimulating hormone concentrations were not significantly different for the alcohol-fed, isocaloric, and ad libitum groups despite the marked lowering of plasma estradiol concentrations in the former. Plasma luteinizing hormone concentrations were raised for the alcohol-fed and isocaloric groups as compared with the ad libitum group, but not to the levels obtained in the oophorectomized group. The results are not unequivocal and may have been produced by the limited caloric intake of alcoholfed animals. Nevertheless, the limited gonadotropin response to the ovarian ablation present in the alcoholfed group raises the possibility that alcohol ingestioin alters hypothalamic-pituitary function in females. Validation of this view will require assessment of the gonadotropin responses to hypothalamic and pituitary stimulation in alcohol-fed subjects.
